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A new method for the fast screening of cocaine and 6-monoacetylmorphine (6-MAM) in a
single hair, using gas chromatography/mass spectrometry (GC/MS), is described. The
analyses are conducted in less than 10 min with minimal sample preparation. The novel
method combines the ChromatoProbe direct sample introduction device for intrainjector
thermal extraction, fast GC separation, a supersonic molecular beam GC/MS interface and
hyperthermal surface ionization (HSI). The technique has been successfully employed for the
detection of cocaine in as little as a 1-mm section of hair using selected ion monitoring (SIM).
Unambiguous full scan mass spectra of cocaine and 6-MAM were obtained on a single hair for
cocaine and heroin users, respectively. HSI was found to be almost 3 orders of magnitude more
selective than electron impact ionization for cocaine compared with the major hair constitu-
ents, with a minimum detected concentration of approximately 10 ppb in the SIM mode.
Results obtained for 12 drug users showed full qualitative agreement with similar results using
rigorous solvent extraction followed by electrospray-liquid chromatography/mass spectrom-
etry analysis. However, quantitative studies showed only partial agreement. No false positives
were observed for 10 drug free subjects. This method enables fast drug monitoring along the
hair length which permits time correlation studies. (J Am Soc Mass Spectrom 1998, 9,
1311–1320) © 1998 American Society for Mass Spectrometry
The analysis of hair for abuse of drugs has recentlybeen a subject of extensive research [1–5]. Hairsamples, obtained from drug users, have been
analyzed for cocaine [6], heroin [7], marijuana [8],
nicotine [9], codeine [10], amphetamines [11] and their
metabolites. Hair is unique in that drug intake informa-
tion is stored for a much longer period of time com-
pared to blood and urine. For example, 6-monoacetyl-
morphine (6-MAM), a heroin metabolite, is very
difficult to detect in blood and is only detectable in
urine for up to 8 h [12]. However, 6-MAM has been
found as far as 18 cm from the root (1 cm ; 1 month) in
hair [13]. Additionally, hair contains a relatively high
parent drug to metabolite ratio, so that either the parent
drug or metabolite can be detected. This is in stark
contrast to blood and urine where, usually, only metab-
olite detection is realistically feasible [2]. The analysis of
hair is also less invasive, with less safety risks, com-
pared to blood and urine.
Drug analyses generally require 1–300 mg of hair [1,
6, 14, 15], and lengthy sample preparation procedures
involving chemical hydrolysis, enzymatic hydrolysis or
solvent extraction [3, 6, 7]. A sensitive method was
demonstrated by Suzuki et al. who detected amphet-
amine in a single hair using chemical ionization-gas
chromatography/mass spectrometry (GC/MS) [16].
However, the sample preparation required several
hours. GC/MS is frequently used for analysis of the
derivatized extract, although radioimmunoassay (RIA)
methods are also used [6, 7]. In either case the analysis
time is negligible compared to the time required for
sample preparation. Supercritical fluid extraction has
recently been shown to be a promising approach which
can decrease the time of analysis [17, 18].
The use of a supersonic molecular beam (SMB) as an
interface and ionization medium for GC/MS has been
shown to have several attractive features for the analy-
sis of drugs [19–23]. The formation of the SMB is
characterized by vibrational cooling of the analyte to
less than 100 K. Electron impact ionization (EI) of
analyte molecules in the SMB results in mass spectra
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which almost always provide molecular weight infor-
mation because of the reduced fragmentation of the
parent molecule [19, 24]. Surface ionization has been
shown to be a promising ionization technique for a
wide variety of nitrogen containing compounds [25, 26],
biomolecules [27], drugs, [28, 29], and herbicides [30].
Surface ionization of atoms and molecules occurs be-
cause of the spontaneous transfer of an electron be-
tween an atom or molecule and a surface [31, 32]. For
positive ions the ionization yield generally increases
with decreasing ionization potential and increasing
surface work function and temperature according to the
Saha–Langmuir equation. The SMB imparts unidirec-
tional hyperthermal kinetic energy to the analyte mol-
ecules. This enables the use of an ultrasensitive and
selective ionization technique which has been named
hyperthermal surface ionization (HSI) [33–35]. HSI is
most efficient for compounds with relatively low ion-
ization potentials such as polyaromatic hydrocarbons
and drugs [19, 21, 23, 36, 37]. Ionization efficiencies as
high as 10% with a detection limit of 400 ag have been
observed with HSI for perdeuterated anthracene, using
selected ion monitoring (SIM) [36]. Finally, formation of
the SMB occurs at atmospheric pressure with differen-
tial pumping. As a consequence, high GC flow rates are
permitted resulting in an effective fast GC [20–23]. The
high flow system lends itself to the use of a new direct
sample introduction device [38–40] developed by
Amirav and Dagan [38]. This device requires a rela-
tively high flow rate of more than 5 mL/min for
effective sweeping of the analyte into the GC column. It
is commercially available as the “ChromatoProbe” from
Varian, and was used for the extract-free analysis of
drugs from urine [39], and pesticides from fruits, veg-
etables [40], and herbs [41]. In this paper the utility of
the ChromatoProbe-GC-SMB-MS instrumental system
for the analysis of drugs in hair is explored.
The features of SMB are particularly useful for the
analysis of drugs in hair for several reasons: (i) Because
hair is a complex matrix the selective ionization of
drugs is critical in order to avoid lengthy sample
cleanup and chromatographic analysis. Hyperthermal
surface ionization provides selective ionization of drugs
(hereafter referred to as selectivity) with respect to the
many other types of compounds found in hair. (ii) The
actual drug content in a single hair is very small so that
a large amount of hair sample is required for a typical
analysis. However, the combination of sensitivity and
selectivity available with HSI enables the analysis of
very small hair samples. (iii) The ChromatoProbe al-
lows for the analysis of complex matrices by retaining
the nonvolatile residue and thereby reduces the chem-
ical noise. This feature results in clean and reproducible
analyses.
In this study it is shown that the combination of the
ChromatoProbe, SMB and HSI enables detection of
cocaine and 6-MAM in a single drug users hair in under
10 min using both selected ion monitoring and the total
ion chromatogram. Quantitative results are compared
with those obtained from electrospray ionization-liquid
chromatography/mass spectrometry (ES-LC/MS) for
hair from the same drug users. Results are also shown
for the segmental analysis of a piece of hair to demon-
strate the potential use of this technique for investigat-
ing the history of drug intake [14, 15].
Experimental
GC-SMB-MS Analysis
The experimental details of the GC-SMB-MS analysis
and ChromatoProbe direct sample introduction device
have both been described in detail previously [38–40].
A schematic diagram of the SMB apparatus and Chro-
matoProbe is shown in Figure 1. Briefly, a Varian
3400CX gas chromatograph equipped with an SPI tem-
perature programmable injector was fitted with our
homemade version of the ChromatoProbe direct sample
introduction device. Helium was used as the carrier gas
in the GC. A short GC column (6 m, 0.25 mm i.d., DB1,
0.25 mm film thickness, J&W Scientific, Folsom, CA)
was connected, via a heated transfer line, to an inlet
(Figure 1) where the column effluent was mixed with
hydrogen carrier gas (99.999%) that was introduced
through V1 as shown in Figure 1. The transfer line and
inlet were maintained at 230 and 250°C, respectively.
The effluent and hydrogen gas mixture entered a 50-cm
megabore capillary transfer line held at 220°C and
combined with a low flow rate of additional hydrogen
make up gas, that was introduced through V2, in front
of the nozzle. The resulting total flow rate through the
nozzle was 220 mL/min. The gas mixture expanded
through the nozzle, was differentially pumped,
skimmed and collimated forming a SMB in chamber 3.
The ceramic nozzle had a 100-mm-diameter, 0.4-mm-
long pinhole (Kulicke and Soffa Industries, Haifa, Is-
rael) and was maintained at 250°C. Chamber 1 was
pumped by a 4 in. diffusion pump, whereas two 63-mm
diffusion pumps were used for chambers 2 and 3. The
pressure in chambers 1–3 was 1023, 1025, and 2 3 1025
mbar, respectively, when the molecular beam was on.
Figure 1. Schematic diagram of the ChromatoProbe and SMB
apparatus.
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Ionization was achieved by either EI or HSI. A 5 3
12 3 0.0125 mm piece of rhenium foil was mounted on
a manipulator capable of xyz movement and 360°
rotation. For EI, the SMB was ionized in a fly-through EI
source in chamber 3. The resulting ion beam was
deflected by a molybdenum mesh-based ion mirror,
positioned below the HSI surface, into a quadrupole
mass spectrometer (QMS) (VG-SXP 600, VG Quadru-
poles, Manchester, UK). Background ion filtration of
thermal ions produced by EI was accomplished with an
electrostatic lens filter, called “exit lens,” positioned
after the QMS as shown in Figure 1 [19]. For HSI, the EI
source was turned off and the rhenium foil was exposed
to ;3 3 1025 mbar of oxygen at 1000 K in situ within
the ion source forming a stable ReO2 layer capable of
continuous catalytic oxidation of organic impurities.
The SMB collided with the ReO2 surface at approxi-
mately 45° with respect to the surface normal resulting
in molecular ions and fragments which were analyzed
with the QMS. Partial background ion filtration of HSI
ions from ions produced by thermal surface ionization
was accomplished by increasing the SMB collision angle
so as to minimize the extraction of thermal ions by the
quadrupole ion optics while maximizing the extraction
of HSI ions. This filtration method is based on the HSI
ions scattering specularly, with a few eV of kinetic
energy, in contrast to the sub eV perpendicular desorp-
tion of thermal ions. Additional details for the HSI
surface preparation are given elsewhere [36].
Hair samples of 12 drug users were provided by the
FBI Laboratory’s Forensic Science Research Unit in
Quantico. Relevant information regarding six of these
hair samples is shown in Table 1. Samples 1–4 and 6
were used to generate Figures 2–8 and samples 1–5
were used for quantitative studies. The remaining six
samples, that are not shown in Table 1, were used for
qualitative studies. At least five replicates of each
sample (1–5) were used for the quantitative studies.
Blank hair samples were obtained from members of the
Amirav group. Cocaine and 6-monoacetylmorphine
standard methanol solutions were obtained from All-
tech (Naperville, IL). HPLC grade methanol was used
for all procedures. 12-mm-long glass vials (1.2 mm i.d.,
1.6 mm o.d.) were purchased from Scientific Instrument
Services (Ringoes, NJ) and baked at 600°C for 4 h prior
to use.
Each single hair sample was cut with clean scissors
to the desired length which was always 1 cm or less and
rinsed in 10–15 mL of methanol for 1 min to remove
external drug contaminants. The hair was transferred to
a ChromatoProbe vial with a pair of clean tweezers and
10 mL of methanol was added. This 5 min sample
preparation procedure was performed coincident with
the GC/MS analysis of the previous hair sample and
thus did not contribute to the overall analysis time.
The vial was placed in the ChromatoProbe and
loaded into the GC-SPI injector held at 120°C. The GC
injector was ramped, with zero initial hold time, to
250°C at 300°C/min with a final hold time of 1 min
followed by cooling back to 120°C. The GC oven was
initially at 100°C for 1.5 min and then ramped to 280°C
at 40°C/min with a hold time of 1 min. The He flow rate
in the GC column was 10 mL/min measured at 100°C.
Calibration was performed with standard drug solu-
tions placed directly on the tip of the ChromatoProbe.
The quadrupole mass spectrometer was operated in
either the selected ion monitoring mode, for a single
ion, or total ion chromatogram (TIC) full scan at a scan
rate of 2.5 scans/s over a scan range of 50–400 u.
ES-LC/MS Analysis
Details for the rigorous extraction of these hair samples
followed by ES-LC/MS analysis are given below and
have been presented previously [42]. Drug standards
and deuterated drug standards were purchased from
Sigma Chemical (St. Louis, MO), Alltech Associates
(Deerfield, IL), and Radian (Austin, TX). Reagent grade
concentrated ammonium hydroxide was obtained from
Fisher Scientific (Fairlawn, NJ). Burdick and Jackson
GC2 methanol and UV acetonitrile were obtained from
Baxter Healthcare (Muskegon, MI). Ultrapure distilled/
deionized 18 M ohm water, produced by a Barnstead
purifier, (Dubuque, IA) was employed for preparation
of the mobile phase. Gelman Sciences (Ann Arbor, MI)
Nylon Acrodisc 0.2-mm 13-mm syringe filters were used
for HPLC samples. An Alltima C18 5 mm 2.1 3 150 mm
column (Alltech Associates, Deerfield, IL) was used for
the chromatographic separation.
The ES-LC/MS work was performed on a Hewlett-
Packard (Palo Alto, CA) HP 1090 liquid chromatograph
with autosampler connected to a Finnigan MAT (San
Jose, CA) TSQ 700 triple quadrupole mass spectrometer
using a Finnigan electrospray interface.
Hair specimens were collected in a medical examin-
er’s office at the time of autopsy from the vertex area of
the head. Approximately 5 mg of each hair sample was
weighed and placed into 13 3 100 mm culture tubes.
The specimen was washed twice in 1 mL of methanol
for 30 s by vortexing. Methanol (2 mL), d3-benzoylecgo-
nine (50 ng), d3-cocaine (50 ng), d3-codeine (50 ng),
d3-6-monoacetylmorphine (50 ng), and d3-morphine (50
ng) were added to the tube as extraction solvent and
Table 1. Comparison of quantitative results obtained using the
SMB fast analysis method with those from rigorous solvent
extraction and electrospray-LC/MS analysis. The SMB results
are the average of at least five replicates
Subject
Race/
gender
Hair
color Drug
SMB
(ppm)
LC/MS
(ppm)
1 W/F Red
(dyed)
cocaine 5.9 6 2.1 34.1
2 W/M Brown cocaine 5.4 6 2.4 37.2
3 W/M Brown cocaine 0.5 6 0.3 26.7
4 B/M Black cocaine 35.2 6 7.1 27.3
5 W/M Brown 6-MAM 2.7 6 0.8 2.7
6 W/M Gray 6-MAM . . . 10.5
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internal standards. The tube was sealed with a screw
cap and heated overnight on an electric heater tube
block at 80°C. Particulates down to 0.2 mM were re-
moved from the methanol extract using a syringe filter.
The methanol extract was evaporated to dryness under
nitrogen on a 80°C heater block. The residues were
reconstituted in 25 mL of acetonitrile and transferred to
autosampler microvials. Sample injections of 1 mL were
made onto the HPLC column for analysis.
The LC/MS work employed full scan acquisition
from 283 to 335 u at a scan rate of 2 scans/s for the hair
samples. The electrospray voltage was 4.5 kV, and the
capillary heater was set to 250°C. Confirmation spectra
were obtained for samples using an octapole CID offset
voltage of 225 V or without offset voltage for cocaine.
The mobile phase was 75:25 acetonitrile/10 mM ammo-
nium hydroxide at a flow rate of 0.3 mL/minute. The
following monoprotonated molecular ions were used
for the analytes of interest: benzoylecgonine 290 u,
cocaine 304 u, codeine 303 u, 6-monoacetylmorphine
328 u, and morphine 286 u. The deuterated internal
standards were observed at 3 u higher than the analytes
(corresponding nondeuterated analogs). Quantitation
was performed by calculating the ratio of the unknown
peak area to that of the deuterated internal standard
analog.
Results and Discussion
Cocaine and 6-MAM Detection
Hair samples from 12 drug users were analyzed with
the SMB technique. The entire analysis, including GC
cooling time, was performed in less than 10 min (see
Experimental section). Figure 2 shows the total ion
chromatogram (TIC), mass spectrum of the cocaine GC
peak, and m/z 182 mass chromatogram of a 3 cm hair
sample, cut into three 1-cm sections, obtained from a
cocaine user (subject 4 in Table 1). The mass chromato-
gram, retention time, and mass spectrum are all char-
acteristic of cocaine. The m/z 182 fragment was chosen
because of its high relative intensity and unique mass-
to-charge ratio value, compared to the other compo-
nents in hair, yielding a clean mass chromatogram. The
retention time was 3.9 min, in agreement with that
obtained for a standard cocaine solution. The fragments
produced during HSI are usually the same as those
produced with EI, albeit with different relative intensi-
ties [19, 22]. Therefore, the HSI mass spectrum also
exhibits good agreement with the NIST library EI
spectrum of cocaine. It is possible to construct an HSI
mass spectral library in order to achieve higher quality
matches. Neither benzoylecgonine nor ecgonine methyl
ester were observed with the SMB technique. However,
these metabolites are always present in much lower
concentrations than cocaine in hair [2] and usually
require derivatization prior to analysis.
The total ion chromatogram of a 10-cm hair sample,
cut into ten 1-cm sections, obtained from a heroin user
(subject 6 in Table 1) is shown in Figure 3 together with
the m/z 268 mass chromatogram and mass spectrum of
the 6-MAM GC peak. Morphine, codeine, and even
heroin (diacetylmorphine) are also sometimes observed
in hair in lower concentrations than 6-MAM [2], how-
ever, none of these were detected. The mass chromato-
gram, retention time, and mass spectrum are all char-
acteristic of 6-MAM. The m/z 268 fragment was used
for the mass chromatogram since it is typical of heroin
and 6-MAM. However, both the mass spectrum and
retention time are indicative of 6-MAM only. For this
hair sample, a small cocaine peak was also found in the
TIC and verified by its m/z 182 mass chromatogram
and mass spectrum (not shown). Results from ES-
LC/MS also indicated the presence of a small amount of
cocaine (2.3 ppm) for this subject.
Selected ion monitoring (SIM) of a particularly char-
acteristic fragment ion is a sensitive method which finds
much use in hair analysis for drugs. Figure 4A shows
the SIM trace of the m/z 182 fragment ion of cocaine for
a 1-cm section of hair obtained from a cocaine user
(subject 2 in Table 1). The SIM trace is not complex and
can therefore easily be used for the fast screening for
cocaine. Comparison of Figure 4A and 4B suggests that
the thermal extraction efficiency of cocaine from hair is
close to 100% with the ChromatoProbe. This does not
imply effective thermal extraction but rather that all of
Figure 2. HSI total ion chromatogram of a single hair obtained
from a cocaine user (subject 4) shown above together with the
mass spectrum of the cocaine GC peak. The mass chromatogram
for the m/z 182 fragment of cocaine is shown below.
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the extractable cocaine is obtained in a single run and
no further amount is detected when the hair is analyzed
again. The SIM trace of a 1-cm section of hair from a
drug free individual, analyzed under identical condi-
tions, is shown in Figure 4C. The two small peaks which
appear near but not at the retention time of cocaine are
not because of carryover effects and were observed for
both cocaine users and blank subjects. The issue of
carryover effects is important for highly sensitive tech-
niques. Comparison of Figure 4A, B clearly shows the
absence of carryover effects. Additionally, carryover of
cocaine and 6-MAM was monitored, by periodically
injecting pure methanol into the GC after a hair run,
and found to be negligible. SIM was also performed for
the m/z 268 fragment of 6-MAM (not shown) on a 1-cm
hair sample obtained from a heroin user. The thermal
extraction efficiency for 6-MAM from hair was deter-
mined to be approximately 85% with the Chromato-
Probe at an injector temperature of 250°C. Increasing
the injector temperature to 280°C increased the extrac-
tion efficiency but at the cost of greatly increased
chemical noise from the hair matrix. Thus, a maximum
injector temperature of 250°C was chosen as the optimal
thermal extraction temperature.
Sometimes, in forensic applications, only a small
piece of hair is available for analysis. Figure 5 shows the
SIM trace of a 1-mm section of hair obtained from a
cocaine user (subject 1 in Table 1). The signal to one
peak-to-peak noise ratio (S/N) is greater than 500 for
this hair sample. Quantitative results given below show
that the cocaine concentration in this subject’s hair is 5.9
ppm (Table 1). Based on the S/N (.500) for this
concentration, the limit of detection (LOD) with the
SMB method was extrapolated to be around 10 ppb. If
a three peak-to-peak noise level is used as the limiting
noise this value will be 30 ppb. This extrapolation
method was used with hair samples from subjects 2–5
as well with similar results. Additionally, the 1-mm hair
sample from subject 1 was found to contain an average
of ;16 pg cocaine, which is in line with studies using
standard solutions where the minimum detectable
amount (MDA) was well below 0.1 pg. The hair sample
with the lowest cocaine concentration, as determined
with the SMB method, that was available for this study,
belonged to subject 3 in Table 1. The cocaine concentra-
tion for this individual was found to be 0.4 ppm. When
the S/N of the SIM trace for subject 3 was taken into
account (not shown), the LOD obtained for this partic-
ular individual was also found to be around 10 ppb.
Figure 3. HSI total ion chromatogram of a single hair obtained
from a heroin user (subject 5) shown above together with the mass
spectrum of the 6-MAM peak. The mass chromatogram for the
m/z 268 fragment of 6-MAM is shown below.
Figure 4. Selected ion monitoring spectrum for the m/z 182
fragment of cocaine from (A) a 1-cm piece of a cocaine user’s hair
(subject 2). (B) The rerun of the same hair sample used in (A)
demonstrating the near 100% thermal extraction efficiency (see
text). (C) A 1-cm piece of hair obtained from a drug free individual
used as a blank magnified six times.
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Certainly, it would have been preferable to make mea-
surements on hair samples which were closer in con-
centration to the extrapolated LOD, however, these
were not available. To the authors’ knowledge, this
represents both the smallest hair sample in which
cocaine has been detected and the lowest LOD of
cocaine in hair. Similar detection limits were also ob-
served for 6-MAM (not shown). Preliminary results
suggest that this analysis may also be useful for the
detection of other drugs including codeine. However,
the analysis of a hair sample containing 0.3 ppm of
codeine (ES-LC/MS) proved to have higher detection
limits because of various unidentified interference
peaks in the SIM trace (not shown).
Each hair sample used for this study was vigorously
rinsed in 10–15 mL of HPLC grade methanol for 1 min
in order to remove external cocaine and 6-MAM. Anal-
ysis of the methanolic wash with GC-SMB-MS found
that less than 3% of the cocaine was extracted by this
wash procedure. The use of methanol for washing hair
has been extensively studied [7]. Experiments per-
formed with a standard solution of cocaine indicated
that the vial itself caused a decrease in the cocaine
signal. Vials which were deactivated with dichlorodim-
ethylsilane, and Vespel vials both showed some im-
provement over regular glass vials. It was found that
the addition of 10 mL of methanol to the glass vial
resulted in a 5 to 15 fold increase in the cocaine signal as
shown for the TIC in Figure 6 (subject 4 in Table 1). The
lower trace in Figure 6 represents an unassisted thermal
extraction of cocaine, whereas the upper trace may
result from thermal extraction, hot methanol extraction
followed by vaporization and/or vial deactivation.
Other solvents, such as water, ethyl acetate, isopropa-
nol, and acetone, have been experimented with but
methanol resulted in a signal increase which was at
least a factor of 3 greater than these solvents. The origin
of the beneficial aspects of the methanol are unknown,
but the mechanism involved may be speculated upon.
Extraction of drugs from hair using hot methanol
treatment for several hours has been used in several
studies [1, 6, 42] including the ES-LC/MS work pre-
sented here. It is possible that the 10 mL of methanol
which was injected into the microvial serves to effec-
tively extract the cocaine from the hair section under the
hot reflux of methanol in the vial at the 120°C injector
temperature. After the methanol is vaporized, the co-
caine is left behind on the walls of the microvial and
vaporized at a higher temperature. Alternatively, the
hot methanol wash may dissolve the outer layer of hair
oils allowing for more effective thermal extraction.
Figure 5. Selected ion monitoring spectrum for the m/z 182
fragment of cocaine from a 1-mm piece of a cocaine user’s hair
(subject 1).
Figure 6. (A) HSI total ion chromatogram of a single hair
obtained from a cocaine user (subject 4) with 10 mL of methanol
added to the sample vial. (B) The same as (A) but with no
methanol added to the sample vial. The cocaine peak is indicated
by the arrow on both chromatograms.
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HSI Versus EI
EI might have been the preferred ionization technique
for this type of study because of the availability of
well-established libraries. However, the direct analysis
of a single hair requires both sensitivity and selectivity.
Sensitivity is necessary due to the small amount (pg) of
cocaine and 6-MAM in a single hair. Selectivity is
required to distinguish the drug signal from the matrix
noise. Figure 7 shows the total ion chromatogram (TIC)
of a 3.5-cm hair section from subject 3 in Table 1. The
cocaine peak is completely absent in the SMB-EI chro-
matogram, whereas the cholesterol peak is much
smaller relative to the central portion (main hair con-
stituents) of the chromatogram compared to SMB-HSI.
SMB-EI does not have the required sensitivity or selec-
tivity for drugs in contrast to SMB-HSI. This hypothesis
has been supported with hair from subjects 1 and 4 (not
shown). An approximate method was used to deter-
mine the relative selectivity of SMB-HSI versus SMB-EI
for cocaine. For comparative purposes the major hair
constituents are designated as those in the central
portion of the TIC (2–4 min). The ratio of the cholesterol
GC peak height to the highest peak in the major hair
constituent region was measured in both TIC’s. This
ratio is 62 times greater for SMB-HSI than SMB-EI. This
implies that SMB-HSI is 62 times more selective for
cholesterol, relative to the major hair constituents, than
SMB-EI. Additionally, SMB-HSI was approximately 15
times more sensitive for cocaine than for cholesterol
when a standard solution containing an equal concen-
tration of cocaine and cholesterol was used (data not
shown). When this is included with the 62 fold ratio
enhancement given above SMB-HSI is approximately
1000 times (62 3 15) more selective for cocaine, relative
to the major hair constituents, than SMB-EI. It is there-
fore not surprising that cocaine is absent from the
SMB-EI TIC in Figure 7. If it could be detected, its
relative magnitude should be 0.1% of the SMB-HSI
relative cocaine GC peak, and thus buried under the
hair matrix chemical noise.
Because of these selectivity problems, standard EI in
GC/MS would thus require longer columns and there-
fore longer analysis time for better separation of the
drug from the hair matrix. Amphetamines were de-
tected in a single hair, albeit with several hours of
sample preparation, using chemical ionization-GC/MS
[16]. Nevertheless, even if this could be performed with
no sample preparation, SMB-HSI would still be prefer-
able over chemical ionization because of its superior
mass spectrometry library compatibility.
The three peaks which appear just prior to the
cholesterol peak in the SMB-HSI TIC (Figure 7) are
tentatively assigned as various steroids based on their
HSI mass spectra. However, definite assignments were
not possible. These peaks are absent in the SMB-EI TIC.
Preliminary results (not shown) suggest that the rela-
tive intensities of these peaks as well as others in the
TIC vary by as much as a factor of 5 between individual
subjects. The variability among hairs from the same
individual was less than a factor of 2 for these peaks.
HSI mass spectra are very reproducible and provide a
combination of sensitivity and selectivity. This allows
for the unambiguous identification of both cocaine and
6-MAM. The relative selectivity of SMB-HSI and
SMB-EI for other drugs in hair has not been determined.
However, previous results on a variety of drugs in
solution suggest that SMB-EI should serve as a supple-
mentary and complementary tool to SMB-HSI for vari-
ous drugs [20].
Quantitative Analysis of Cocaine in Hair
In order to determine the quantitative potential of our
technique, measurements of the cocaine content in hair
samples from four cocaine users and one heroin user
were made. The results are shown in Table 1 (subjects
1–5) along with those obtained using ES-LC/MS for the
same users. In order to obtain the sample weight of
1-cm hair segments the weight per unit length was
calculated by measuring the diameter of hair and as-
suming a density of 1. A computed value of 28 mg/cm
was used for quantitative purposes. The construction of
a calibration curve based on cocaine peak areas showed
linear behavior between 10 and 1000 pg of cocaine using
standard solutions of 1 to 1000 pg/mL cocaine in
Figure 7. (A) SMB-EI total ion chromatogram of a single hair
obtained from a cocaine user (subject 3). The small peak at 5.8 min
is cholesterol. (B) SMB-HSI total ion chromatogram of a single hair
from the same cocaine user. Both cholesterol and cocaine are
indicated by arrows.
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methanol with SIM. These solutions were applied di-
rectly to the tip of the ChromatoProbe. The linearity
measurement is limited by the reproducibility of the
syringe delivery of sample on the ChromatoProbe. This
calibration curve was used to find the amount of
cocaine (pg) in a 1-cm piece of hair. The amount of
cocaine was usually greater than 10 pg and always less
than 1000 pg. The average amount of cocaine was then
divided by the mass of the hair to obtain the values
shown in Table 1. The quantitative determination of
6-MAM in a heroin user’s hair was similarly performed.
The minimum detected concentration of cocaine and
6-MAM was less than 10 ppb in the SIM mode as
discussed above. The hair samples used for this study
were obtained from subjects 1–5 in Table 1. Quantitative
results from ES-LC/MS and SMB-HSI are shown in
Table 1 as ppm cocaine or 6-MAM. The relative preci-
sion standard deviation of the ES-LC/MS method is
about 20%. Although the results obtained for subjects
1–3 with SMB-HSI are lower by a factor of 6 to 65
compared with the ES-LC/MS results, subjects 4 and 5
showed good agreement within the experimental error.
It is important to note that the ES-LC/MS results for the
four cocaine users vary over a narrow range of 10 ppm
so that the much larger range of 30 ppm observed with
SMB for cocaine is quite surprising. Furthermore, the
SMB results were very reproducible over this wide
range.
The reconciliation of these conflicting data for co-
caine is quite daunting. However, two factors must be
considered. First, ES-LC/MS data represents bulk sam-
pling on 5 mg of hair versus limited sampling on
estimated micrograms of hair using SMB-HSI. The SMB
approach relied on a small sample set of at least five
replicates and the maximum variability of the drug
concentration in these hair samples was usually less
than a factor of 2 for a 1-cm hair sample but was
sometimes as high as 3. A second consideration is
solvent versus thermal extraction mechanisms and the
possible effect of hair pigmentation on drug content/
release. For example, it is likely that the use of standard
solutions, for the construction of a calibration curve,
resulted in an underestimation of the hair concentra-
tions since drug recovery from the hair matrix is un-
likely to be 100% with thermal extraction. Rather, it is
entirely possible that some of the drug is destroyed and
thus not recoverable. Finally, we did not observe any
hydrolysis of cocaine or 6-MAM, with standard solu-
tions of these drugs, under the SMB analytical condi-
tions, therefore, hydrolysis is not a possible source of
explanation for the low concentration values.
Several studies have been performed on the effect of
pigmentation on the deposition of drugs in human and
animal hair [2, 43]. Joseph et al. proposed that the
specific binding of cocaine in female Africoid black hair
is more than 100 times greater than in female Caucasoid
blond hair [44]. It is possible that these differences may
manifest themselves in the ease with which drugs may
be thermally extracted from the hair that is in competi-
tion with its thermal degradation. Based on this study’s
results, obtained by rigorous extraction with methanol
followed by ES-LC/MS, the hair of all four cocaine
users contained between 26 and 37 ppm of cocaine.
Only the SMB-HSI results for cocaine on subject 4
(Africoid black hair) shows good agreement with the
ES-LC/MS results. It is possible there are differences in
the thermal extraction method based on the pigmenta-
tion of hair. Since we have no information on the drug
intake history of the five subjects it is not possible to
make any correlation between drug intake and signal
intensity. The agreement of SMB and ES-LC/MS for
6-MAM is encouraging, however, because only one
subject was compared it is difficult to make any defin-
itive remarks until further studies are performed.
On a qualitative level, all the hair samples that were
analyzed, using the SMB-HSI approach (these include
six samples from cocaine and heroin users that were not
used in the quantitative study in addition to those
shown in Table 1) and found to contain cocaine and/or
6-MAM were also found to contain these drugs by
ES-LC/MS. Additionally, no false positives were found
in hair samples from 10 drug free individuals in the
Amirav group. SMB-HSI exhibited 100% qualitative
accuracy for 22 subjects. This provides a fast method,
requiring very small hair samples for the screening of
cocaine and 6-MAM with a detection limit of ;10 ppb.
The SMB-HSI method also has the potential of detecting
other drugs.
Because hair retains drug information for an ex-
tended period of time it may be possible to establish a
map of drug use by the suspected user. Various studies
have investigated the viability of this technique [1, 8, 14,
15]. The cocaine SIM signal was measured for 2 (subject
2) and 10 mm (subject 1) increments, corresponding to
weekly and monthly usage, respectively, excluding the
root, along a single hair for two cocaine users. The
results, shown in Figure 8, show some variation of
cocaine content with distance along the hair. The pre-
cision data shown in Table 1 is the standard deviation of
the drug content along a single hair. The relative
standard deviation of the method for these results is
613% measured with a standard cocaine solution. We
measured the concentration of at least five replicates
from a single hair for each of these subjects. The
maximum hair to hair variability of a given subject for
a 1-cm piece of hair, obtained from the same strand or
different strands, was generally no more than a factor of
3 in drug concentration and was usually less than a
factor of 2. Figure 8 is a good example of this variability
along a single hair. Close inspection of Figure 8 shows
that on average the fluctuation for 10-mm pieces are the
same for the two subjects. In order to obtain more
meaningful results a careful study is required here with
carefully monitored subjects. Nevertheless, the results
show that within the experimental error there is as
much as a factor of 5 difference in 2-mm pieces and a
factor of 3 in 10-mm pieces for subjects 2 and 1,
respectively. Additionally, the cocaine was found to be
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present throughout the length of the hair sample. Be-
cause of the many parameters which can effect segmen-
tal quantitative analysis in hair such as the amount of
drug incorporated into the hair, environmental effects,
and translocation of internal drugs it is possible that the
observed spread is because of random error. However,
when such factors are known the potential of this
method is greatly increased. Thus, this method can
uniquely enable a fast mapping of the drug content
along the hair length which amplifies the savings in
chromatography time and sample quantity.
Conclusions
A new GC/MS technique has been developed, based on
a supersonic molecular beam interface and employing
the ChromatoProbe direct sampling device and hyper-
thermal surface ionization, for the fast analysis of drugs
in a single human hair with very little sample prepara-
tion. This technique utilizes intra-GC-injector thermal
extraction of the drug from the hair followed by its fast
GC separation, incorporation into the SMB and hyper-
thermal surface ionization. Cocaine and 6-MAM were
detected in less than 1 cm of a drug users hair in less
than 10 min total analysis time using selected ion
monitoring. Also, TIC’s were obtained using several
1-cm sections of hair which clearly exhibit the mass
spectra for both drugs. The elimination of lengthy
tedious sample preparation and the small sample size
required both represent major steps forward in the
analysis of hair for drugs. The power and utility of SMB
and HSI coupled with time-of-flight mass spectrometry
is commercially available (HD Technologies, Manches-
ter, UK).
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